Nitrogen-containing bisphosphonates (NBPs) are widely used to treat bone density loss and skeletal disorders. The adsorption, retention, diffusion, and release of (NBPs) in bone minerals are governed by their binding affinities to 
Introduction
Bisphosphonates (BPs) are common medications for treating osteoporosis and other skeletal disorders because of their high binding affinities to bone minerals composed majorly of calcium phosphates. They are also good candidates for bone-targeted drug delivery and diagnostic imaging. [1, 2] Pharmacokinetic studies have reported that 50% of injected BPs were absorbed by the skeleton and remained within the bones, [3] and that osteoporosis treatment relies on the long-term binding of BPs to bone minerals.
The selective binding to bone minerals also facilitates osteoclast inhabitation and differentiation during bone resorption. [4] [5] [6] Moreover, the binding affinities of BPs can influence their distribution, diffusion, and release in bones.
Therefore, it is crucial to understand how binding affinity of BPs to bone minerals is influenced by their molecular structures. Figure 1 presents generic structure of BPs, which is characterized by two phosphonate groups bonded to the same carbon atom (P-C-P link). Moreover, substitutions of the P-C-P link can occur at two positions, R1 and R2.
Hydroxyapatite (HAP) [7, 8] which is the most stable phase of calcium phosphates, is usually used to represent bond minerals in experiments.
Experimental studies have suggested that two phosphonate groups in BPs are required for high binding affinities to HAP surfaces. Furthermore, a hydroxyl group at the R1 position improved the binding to bone mineral surfaces through the coordination of the hydroxyl group and calcium atoms at HAP surfaces. [9, 10] In the last decade, experimental studies have focused on BPs with various nitrogen-containing functional groups at the R2 position because of their high binding affinities to bone mineral surfaces and inhibition to bone resorption. However, the binding affinity rank of nitrogen-containing bisphosphonates (NBPs) to bone mineral surfaces has not reached conclusions yet. Nancollas and colleagues used kinetic studies on the crystal growth of HAP to determine the binding affinities of NBPs to HAP surfaces with the rank order zoledronate (ZOL) > pamidronate (PAM) > alendronate (ALN) > ibandronate (IBN) > risedronate (RIS) > etidronate > clodronate. [9] The rank order was the same as that determined by Henneman and colleagues who used dissolution studies on carbonated apatites. [11] Russel and colleagues suggested that ZOL has large binding affinities to bone mineral surfaces, because of its long retention time in HAP chromatography measurements. [12] Using a nuclear magnetic resonance (NMR)-based in vitro assay, Jahnke and colleagues suggested that the binding affinity rank was PAM> ALN > ZOL > RIS > IBN in HAP and ALN > PAM > ZOL > RIS > IBN in bone powder. [13] Mukherjee and colleagues found the same rank order as Jahnke did. [14, 15] Moreover, Leu and NBPs were compared with experimental results, and the binding mechanism was examined.
Model and Simulation Method

Nitrogen-Containing Bisphosphonate Model
The molecular structure of ZOL, RIS, IBN, PAM, and ALN are presented in Figure 1 . We considered the protonation form of IBN, PAM, and ALN because the pKa values of their side chain amine groups are larger than 7. In this study, protonated IBN, PAM, and ALN are referred to as IBNP, PAMP, and ALNP respectively. The pKa value of imidazole group in ZOL is close to 7, which means the ratio of protonated to neutral ZOL is 1:1 in a pH 7 condition.
Therefore, we considered both the protonation and neutral forms of ZOL, which are referred to as ZOLP and ZOL respectively. Because the pKa value of pyridine group in RIS is much lower than 7, we consider its neutral state.
GAFF [34] was applied to NBPs. Their atomic charges were obtained through an ab initio method. The molecular structures of the NBPs were using M06-2X functional with def2-SVP basis sets and the Solvation Model based on Density (SMD). [35] [36] [37] The optimized structures were used for atomic charge assignments through HF/6-31g* calculations combined with restrained electrostatic potential (RESP) method.
[38] The details of the atom types and atomic charges of the NBPs are presented in Tables A1 to A6 in Appendices.
HAP Surface Model
The We assessed the binding free energy of NBPs on both neat and protonated HAP surfaces because we wanted to see how surface protonation influences the binding affinities of NBPs.
Binding Free Energy Calculation
HAP-water-BP interface models of neat and protonated surfaces were developed for binding free energy calculations. Each HAP-water-BP interface model contained one HAP surface slab, 1500 water molecules, one NBP, and counter ions. The periodic condition was implemented to x, y, and z directions.
The heights of the surface slabs were 27 Å to 33 Å for different facets, and the surface areas were approximately 35 Å x 35 Å . SPC/E rigid water model was used in this study.
[47] The HAP-water-BP interface models equilibrated in NPT ensemble at a standard condition, 1 atm and 298.15 °K, for 4 ns, and
Parrinello-Rahman anisotropic barostat and Nose-Hoover chain thermostat were implemented to regulate the pressures and temperatures respectively. [48] [49] [50] The simulation boxes after NPT equilibration were used for further binding free energy calculations.
Calculating the binding free energy of NBPs was completed by umbrella sampling, which is a biased sampling method to obtain free energy differences between thermodynamic states. [51, 52] The methodology restricts a system to a set of windows along a pre-defined reaction coordinate between thermodynamic states. These restrictions were completed by adding biased potentials in each window that generated biased histograms (probability distributions). Next, the biased probability distribution of each window was collected and reweighted by using the Weighted Histogram Analysis Method (WHAM) to reconstruct free energy profiles along a pre-defined reaction coordinate. [53, 54] The reaction coordinate in this study was the distance between the mass ns production runs to construct sufficient overlaps between histograms for the WHAM. [56] All simulation works in this study were completed in GROMACS 5.1, and VMD was used for visualizations. [57] [58] [59] 
Results and Discussions
The computed binding free energies of selected NBPs to neat and protonated HAP surfaces are presented in Tables 1 and 2 kcal/mol, respectively.
Zoledronate and Protonated Zoledronate
ZOL and ZOLP bound to neat HAP facets by their phosphonate parts which are presented in Table A7 of Appendices) When it came to pH 7 HAP surfaces, the binding free energy of ZOL and ZOLP reduced to less than −2.7 kcal/mol and showed non-binding behavior at (001)-pH7 and (101)-pH7 surfaces based on computed free energy profiles. Because the HAP surfaces were protonated, less calcium ions remained and the protonated phosphate ions became less negatively charged at surfaces. This reduced the binding affinities of ZOL and ZOLP to these two surfaces, and the results also suggested that their binding affinities were highly sensitive to the crystallinity of the surface structure.
Conversely, ZOL and ZOLP showed substantial binding affinities to (010)-pH7 surfaces with the values −6.4 and −11.8 kcal/mol, respectively. We found that ZOL and ZOLP slipped into the grooves of (010)-pH7 surfaces. (see Figure 5 ) Tables 2 and 3 general. This result is similar to the NMR study by Jahnke and colleagues and ITC measurements by Mukherjee and colleagues. [13] [14] [15] Moreover, the binding affinity order at neat (001) surfaces was consistent with the crystal growth study by Nancollas and colleagues: ZOL > ALN > IBN > RIS. 9 The simulation results united the diverged observations in experimental studies.
Moreover, this study showed that the INTERFACE Force Field for HAP has great potential for qualitatively and quantitatively predicting interactions between organic molecules and HAP surfaces. We believe that combining proper simulation technique and force field parameter will be helpful to drug design for osteoporosis and drug targeting in human bones and teeth.
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This research was supported by the Ministry of Science and Technology, Taiwan (105-2218-E-033 -010 -MY2). The author is grateful for the generous allocation of computational resources provided by the National Center for High-Performance Computing, Taiwan. conditions. The surface structures in a pH 7 condition were more relaxed and disordered than the surface structures in neat condition because of the removal of superficial calcium and hydroxide ions reducing electrostatic interactions between ions at the surfaces. Additionally, the protonated phosphates in a pH 7 condition were less negative than the phosphates in the neat condition, also resulting in fewer electrostatic interactions. The computed immersion energies of each pH 7 surface are listed. The red, white, green, and brown atoms represent oxygen, hydrogen, calcium, and phosphorous atoms, respectively. 
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